Plant pathogenic fungi deploy secreted effectors to suppress plant immunity responses. These effectors operate either in the apoplast or within host cells, so they are putatively glycosylated, but the posttranslational regulation of their activities has not been explored. In this study, the ASPARAGINE-LINKED GLYCOSYLATION3 (ALG3)-mediated N-glycosylation of the effector, Secreted LysM Protein1 (Slp1), was found to be essential for its activity in the rice blast fungus Magnaporthe oryzae. ALG3 encodes an a-1,3-mannosyltransferase for protein N-glycosylation. Deletion of ALG3 resulted in the arrest of secondary infection hyphae and a significant reduction in virulence. We observed that Dalg3 mutants induced massive production of reactive oxygen species in host cells, in a similar manner to Dslp1 mutants, which is a key factor responsible for arresting infection hyphae of the mutants. Slp1 sequesters chitin oligosaccharides to avoid their recognition by the rice (Oryza sativa) chitin elicitor binding protein CEBiP and the induction of innate immune responses, including reactive oxygen species production. We demonstrate that Slp1 has three N-glycosylation sites and that simultaneous Alg3-mediated N-glycosylation of each site is required to maintain protein stability and the chitin binding activity of Slp1, which are essential for its effector function. These results indicate that Alg3-mediated N-glycosylation of Slp1 is required to evade host innate immunity.
INTRODUCTION
Plants defend themselves from microbial attack using pattern recognition receptors that recognize pathogen-associated molecular patterns (PAMPs) to initiate innate immune responses (Chisholm et al., 2006; Jones and Dangl, 2006) . Immune reactions include the regulated synthesis of reactive oxygen species (ROS), which can be induced by the recognition of cell wall PAMPs, such as oligosaccharides originating from chitin and glucans, released by invading pathogens during infection (Kaku et al., 2006) . In response to these defenses, plant pathogens have developed strategies to avoid or overcome PAMP-triggered immunity. The most important structural protection of an invading fungus is the outer layer of the cell wall, by which fungal pathogens can avoid host recognition of inner chitin and glucans (Fujikawa et al., 2012) . Pathogens can also counter PAMP-triggered immunity mechanisms by effector-mediated suppression of these immunity responses, leading to effector-triggered susceptibility (Jones and Dangl, 2006) .
Secreted proteins, including cell wall glycoproteins and effector proteins, are synthesized in the endoplasmic reticulum (ER), where they often undergo N-glycosylation and/or O-glycosylation (Helenius and Aebi, 2004) . N-Linked glycosylation of proteins is one of the most ubiquitous posttranslational modifications and provides proteins not only with distinct folding, quality control, sorting, degradation, and secretion characteristics but also with a recognition tag Aebi, 2001, 2004) . The N-linked glycosylation of proteins has been extensively studied in higher eukaryotes. In mammals, for instance, N-linked glycosylation is involved in cell adhesion, molecular trafficking and clearance, receptor activation, signal transduction, and endocytosis and is important for human health and disease (Ohtsubo and Marth, 2006) . In higher plants, enzymes involved in protein N-glycosylation and glycoproteins that are N-glycosylated have been widely identified and found to play vital roles in diverse aspects of development and physiology, including salt tolerance and plant immunity (Lerouge et al., 1998; Kang et al., 2008; Qin et al., 2008; Liebminger et al., 2009; Saijo et al., 2009; Häweker et al., 2010; Liu and Howell, 2010; Ruiz-May et al., 2012) .
N-Glycosylation of proteins in eukaryotic cells is accomplished in two distinct organelles, the ER and the Golgi (Helenius and Aebi, 2001) , and initially involves N-glycan biosynthesis. N-Glycan biosynthesis starts with the assembly of a precursor, Man 5-GlcNAc 2 , linked to dolicholphosphate at the cytoplasmic side of the ER. This precursor is flipped to the luminal side of the ER, where four Man and three Glc residues are added by different glycosyltransferases in a stepwise manner (Snider et al., 1980; Helenius and Aebi, 2002) . The oligosaccharide Glc 3 Man 9 GlcNAc 2 is then transferred en bloc by the oligosaccharyltransferase complex onto specific Asn residues of secreted proteins (Hubbard and Ivatt, 1981; Kelleher and Gilmore, 2006) . Once glycoproteins have folded and oligomerized, they are moved to the Golgi complex for further modification of N-linked glycans (Dean, 1999) . Additional saccharides are added to form complex N-glycans in mature glycoproteins (Roth, 2002) .
The budding yeast Saccharomyces cerevisiae has been used as a model for investigating eukaryotic N-glycan synthesis. Studies with mutants defective in the biosynthesis of N-glycans have led to the characterization of the ASPARAGINE-LINKED GLYCOSYLATION (ALG) genes (Huffaker and Robbins, 1983; Lehle et al., 2006) . Yeast alg mutants, for instance, are defective in the biosynthesis of donor substrates or the assembly of lipidlinked oligosaccharides (Burda and Aebi, 1999; Kelleher and Gilmore, 2006) and have been used to uncover the function of N-glycosylation. Deletion of some ALG genes involved in the earliest steps of N-glycosylation results in lethal, or extremely severe, phenotypes and the secretion of underglycosylated proteins, demonstrating the biological importance of N-linked glycosylation (Kelleher and Gilmore, 2006) . In Candida albicans, N-glycosylation is important for both the structure and function of certain proteins that play vital roles in cell-cell interactions, adhesion, and reaction to host immune responses (Poulain and Jouault, 2004; Mora-Montes et al., 2010; Hiller et al., 2011) . However, the role of N-glycosylation in the pathogenesis of filamentous fungi remains largely unexplored. To date, there are only three reports with glycosylation-related mutants in Ustilago maydis and Mycosphaerella graminicola that implicate N-glycosylation in the pathogenesis of plant pathogenic fungi (Schirawski et al., 2005; Motteram et al., 2011; Fernández-Álvarez et al., 2013) . However, the underlying mechanism was not characterized in those studies; therefore, it is not clear why N-glycosylation is important for fungal pathogenesis.
Rice (Oryza sativa) blast disease is caused by the filamentous fungus Magnaporthe oryzae and is one of the most destructive diseases of cultivated rice worldwide (Dean et al., 2012) . The fungal pathogen initiates infection by the attachment of conidium to the plant surface (Hamer et al., 1988) . The conidium then germinates and the germ tube tip develops into a domeshaped structure called an appressorium, in which high turgor is generated (Howard et al., 1991; de Jong et al., 1997) . Both mitogen-activated protein kinase and cAMP-dependent protein kinase A signaling pathways are essential for appressorium morphogenesis and penetration (Mitchell and Dean, 1995; Xu and Hamer, 1996; Xu et al., 1998; Thines et al., 2000) . After penetration, the pathogen colonizes host cells in a biotrophic manner (Kankanala et al., 2007) and the thin primary penetration hypha differentiates into bulbous and branched infection hyphae (IH; Kankanala et al., 2007) . IH possess a cap-like structure known as the biotrophic interfacial complex, which has been implicated in the release of cytoplasmic effectors into plant cells (Kankanala et al., 2007; Mosquera et al., 2009; Giraldo et al., 2013) . Recently, a secreted LysM protein, Slp1, was shown to function in M. oryzae as an effector protein that suppresses host immunity by binding chitin oligosaccharides in the apoplast (Mentlak et al., 2012) , thereby preventing activation of the chitin elicitor binding protein (CEBiP), a pattern recognition receptor present in the plasma membrane of rice cells (Shimizu et al., 2010) .
Here, we report the identification of a virulence gene in M. oryzae designated ALG3, which encodes an a-1,3-mannosyltransferase involved in protein N-glycosylation in the ER. Disruption or deletion of ALG3 leads to the arrest of infection hypha development and a significant reduction in virulence. Strikingly, Dalg3 mutants induce massive production of ROS in host cells. We show that ALG3 is essential for N-glycosylation of the Slp1 effector and that simultaneous N-glycosylation at three sites is required for Slp1 to be functional. We also show that incomplete N-glycosylation of Slp1 leads to a dramatic reduction in the chitin binding capability and the protein level of Slp1. Together, our results provide evidence that Alg3-mediated N-glycosylation of Slp1 in the rice blast fungus is required to prevent chitintriggered innate immunity in host plants.
RESULTS

Isolation and Characterization of ALG3 Mutants
To identify novel pathogenicity mutants of the rice blast fungus, an insertional library of M. oryzae P131 was generated by restriction enzyme-mediated integration (REMI), as described previously (Sweigard et al., 1998) . After screening a library of 13,500 hygromycin-resistant transformants, a mutant, MO2393, was found that was significantly reduced in virulence. It developed fewer and smaller lesions on leaves of a susceptible rice cultivar in comparison with the wild-type strain P131 ( Figure 1A ). The mutant was also slightly reduced in colony growth ( Figure  1B ). For cosegregation analysis, a total of 49 F1 progeny were obtained by crossing MO2393 (MAT1-1-2) with the wild-type strain S1528 (MAT1-1-1). Whereas 24 of the progeny were resistant to hygromycin and exhibited defects similar to MO2393 in pathogenesis and growth, the remaining 25 were sensitive to hygromycin and showed normal growth and virulence. Thus, the disruption of a single genetic locus in mutant MO2393 must be responsible for its defects in vegetative growth and virulence.
To identify the gene disrupted in MO2393, genomic regions flanking the insertion site were isolated by plasmid rescue (Sweigard et al., 1998) . Sequence analysis revealed that the transforming vector pV4 was inserted in the coding region of a gene, MGG_08010.6, at a position 688 bp downstream of the start codon ( Figure 1C ). This predicted gene was named ALG3 because of its sequence similarity to ALG3 of S. cerevisiae, which encodes an a-1,3-mannosyltransferase (Supplemental Figure 1) .
Because the disrupted ALG3 in MO2393 is not a null allele, we generated the ALG3 deletion mutants by homologous recombination ( Figure 1D ). Five ALG3 deletion mutants, named ALG3KO1 to ALG3KO5, were identified by PCR verification and confirmed by DNA gel blot analysis ( Figure 1E ). Vegetative growth of the Dalg3 mutants was reduced (F3.76 6 0.02 cm) in comparison with the wild type (F4.01 6 0.05 cm) but similar to MO2393 (F3.75 6 0.02 cm) on 5-d-old oatmeal-tomato agar (OTA) cultures ( Figure 1B) . In infection assays, Dalg3 mutants were significantly reduced in their ability to cause blast lesions ( Figure 1A ). Moreover, disease lesions caused by Dalg3 mutants were smaller than those of the wild type ( Figure 1A) . However, the conidiation capacity of Dalg3 mutants was not significantly affected (Supplemental Table 1 ). Because all five ALG3 deletion mutants were indistinguishable in phenotype, only mutant ALG3KO1 was used for further analyses. When the full-length ALG3 gene was reintroduced into ALG3KO1, all 25 resulting neomycin-resistant transformants displayed wild-type phenotypes (Figure 1 ), indicating that deletion of ALG3 was directly responsible for the observed phenotypes in the Dalg3 mutant. Therefore ALG3 is important for virulence and vegetative growth in M. oryzae.
ALG3 Is Required for Invasive Growth of the Rice Blast Fungus
To investigate the role of ALG3 in pathogenesis, we compared the infection process on barley (Hordeum vulgare) leaves of the Dalg3 mutant with the wild type and a complemented strain, cALG3. Conidial germination and appressorium formation were unaffected (Supplemental Table 1 ), but the development of secondary IH in plant tissue was severely impaired in the Dalg3 mutant (Figure 2 ; Supplemental Table 2 ). At 18 h postinoculation (hpi), over 90% of appressoria of the wild type penetrated and developed primary IH, but only 19.5% 6 1.5% of appressoria of the Dalg3 mutant had formed IH (Figure 2A , left panels). Furthermore, at 24 hpi, more than 85% of IH of the wild type formed branches, whereas only 20% of the IH of the Dalg3 mutant were branched ( Figure 2A , middle panels). At 30 hpi, more than 90% of wild-type appressoria formed IH with at least two branches. Under the same conditions, less than 20% (15.1% 6 2.9%) of the Dalg3 appressoria formed multiple-branched IH (Figure 2A , right panels). However, we noticed that at 30 hpi, 86.1% 6 2.9% of appressoria of the Dalg3 mutant had developed primary IH ( Figure 2B ), suggesting that the development of primary IH was not completely blocked but, rather, was delayed by the deletion of ALG3. Further observation at 36 hpi also showed that although most of the Dalg3 appressoria produced multiplebranched IH, the invasive hyphae were completely restricted to the initially penetrated plant cell, whereas most appressoria of the wild-type strain and the complemented strain extended the IH into neighboring plant cells (Supplemental Figure 2) . (D) Schematic diagram of the ALG3 deletion strategy. Letters A, S, H, K, and X mark the recognition sites of ApaI, SpeI, HindIII, KpnI, and XhoI, respectively. hph, hygromycin phosphotransferase gene; P1 to P4, PCR primers. (E) DNA gel blot analysis of the ALG3 deletion mutants. ApaI-digested genomic DNAs were hybridized with a deleted fragment of ALG3 (left) and hph (right). Lane M, HindIII-digested fragments of lDNA; lane 1, wild-type strain P131; lanes 2 to 6, ALG3 deletion mutants ALG3KO1, ALG3KO2, ALG3KO3, ALG3KO4, and ALG3KO5; lane 7, ectopic transformant 08010-E1.
REMI mutant MO2393 showed similar defects in the infection process to the Dalg3 mutant, which also could be fully complemented by reintroduction of ALG3 (data not shown). We conclude that ALG3 is dispensable for appressorium formation and cuticle penetration but important for efficient tissue colonization and disease symptom development by the rice blast fungus.
Alg3 Localizes to the ER
Orthologs of Alg3 are well conserved from budding yeast to humans. In S. cerevisiae, for instance, Alg3 is involved in the synthesis of dolichol-linked oligosaccharide donors for N-linked glycosylation of proteins and catalyzes the addition of the sixth Man moiety to the growing lipid-linked oligosaccharide, which is the first sugar added to the lipid-linked oligosaccharide in the ER lumen (Aebi et al., 1996) . The predicted product of M. oryzae ALG3 showed 49% identity to S. cerevisiae Alg3 and 56% to human Alg3 (Supplemental Figure 1) . According to WoLF PSORT (http://wolfpsort.org/), Alg3 is predicted to localize to the ER. The Alg3 protein has both an N-terminal XXRR-like motif and a KKXX-like motif at the C terminus ( Figure 3A ). These motifs have been shown to retrieve transmembrane proteins to the ER (Shin et al., 1991; Zerangue et al., 1999) . Moreover, it has eight predicted transmembrane domains, suggesting that the Alg3 protein may be anchored in the ER membrane ( Figure 3A) , consistent with the subcellular localization of Alg3 in S. cerevisiae (Aebi et al., 1996) .
To determine the localization of Alg3 in M. oryzae, we generated ALG3-enhanced green fluorescent protein (eGFP) and red fluorescent protein (RFP)-HDEL fusion constructs and transformed them together into the Dalg3 mutant. HDEL has been widely used as an ER marker (Pelham et al., 1988) . In the resulting 20 transformants with detectable GFP signals, all showed wild-type colony growth, consistent with ALG3-eGFP encoding a functional protein. RFP fluorescence was detected in five of them, including transformant ALG3DW-1, which was used for microscopy observation. In vegetative hyphae, conidia, and appressoria, colocalization of Alg3-GFP with RFP-HDEL was observed ( Figure 3B ), consistent with Alg3 being functional in the ER.
ALG3
Encodes an a-1,3-Mannosyltransferase Involved in the Biosynthesis of Glc 3 Man 9 GlcNAc 2 for Protein N-Glycosylation
To determine its molecular function, we expressed a full-length cDNA of ALG3 in pYES2 under the control of a Gal-inducible promoter, GAL1 (Giniger et al., 1985) . The resulting construct, pYES2-ALG3, was introduced into the S. cerevisiae alg3 stt3 double mutant YG170, which is a conditional lethal strain that exhibits temperature sensitivity at 30°C (Aebi et al., 1996) . The resulting transformants were grown on SC medium supplemented with Gal. The pYES2-ALG3 transformants of YG170 grew as well as the control strain YG176 at 30°C. By contrast, the transformants carrying the empty vector control were 
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The Plant Cell temperature sensitive ( Figure 4A ). M. oryzae ALG3, therefore, rescued the S. cerevisiae alg3 deficiency of YG170, indicating that ALG3 encodes a functional a-1,3-mannosyltransferase. N-Glycans are synthesized in yeast through the ordered assembly of a lipid-linked core Glc 3 Man 9 GlcNAc 2 structure that is subsequently transferred to a nascent protein in the ER. Once folded, glycoproteins are shuttled to the Golgi apparatus for secretion. Deletion of ALG3 results in the secretion of glycoproteins with Man 5 GlcNAc 2 instead of Man 9 GlcNAc 2 in S. cerevisiae ( Figure 4B ). Underglycosylated proteins are secreted in alg3 mutants (Verostek et al., 1993; Zufferey et al., 1995; Aebi et al., 1996) . Carboxypeptidase Y (CPY) is a vacuolar protein with N-glycosylation that has been widely used for assaying protein N-glycosylation (Kostova and Wolf, 2005) . To determine whether N-glycosylation was affected in the Dalg3 mutant, we assayed the N-glycosylation levels of CPY in the rice blast fungus. The CPY-3xFLAG fusion construct was generated and transformed into both the wild-type and Dalg3 strains. Proteins isolated from the resulting transformants WT/CPY-FLAG and alg3/CPY-FLAG were used for immunoblot analysis with an anti-FLAG antibody. The WT/CPY-FLAG transformant exhibited fully N-glycosylated CPY (mature CPY), while the transformant alg3/ CPY-FLAG produced an underglycosylated form of CPY ( Figure  4C ). Alg3, therefore, is required for full N-glycosylation of CPY in M. oryzae.
Deleting ALG3 in S. cerevisiae results in the production of Man 5 -oligosaccharides that can be distinguished from Man 9 -oligosaccharides by resistance to endoglycosidase H (Endo H), which is a recombinant glycosidase cleaving within the chitobiose core of high Man and some hybrid oligosaccharides from N-linked glycoproteins. Man 5 -oligosaccharides are resistant to Endo H, whereas Man 9 -oligosaccharides are sensitive (Huffaker and Robbins, 1983; Verostek et al., 1993; Zufferey et al., 1995) . We found that the glycosylated CPY protein from P131 could be successfully cleaved by Endo H. In contrast, Endo H failed to cleave CPY in the Dalg3 mutant ( Figure 4C ). However, CPY glycoproteins isolated from both transformants of the wild-type P131 and the Dalg3 mutant were successfully cleaved by the peptide:N-glycosidase F (PNGase F) ( Figure 4C ), an amidase that cleaves between the innermost GlcNAc and Asn residues of complex oligosaccharides from N-linked glycoproteins. Therefore, oligosaccharides linked to CPY were Man 5 -oligosaccharides but not Man 9 -oligosaccharides in the Dalg3 mutant, which is consistent with the predicted function of ALG3. Thus, we conclude that the ALG3 gene of M. oryzae encodes an a-1,3-mannosyltransferase involved in the formation of Man 9 -oligosaccharides for protein N-glycosylation.
ALG3 Is Required for Suppressing the Production of ROS in Plant Cells
Plant immunity responses induced by fungal pathogens are often associated with rapid production of ROS. To test whether ALG3 is important for the induction of ROS in plant cells, ROS production was assayed with 3,39-diaminobenzidine (DAB) staining in barley leaves inoculated with the wild-type and Dalg3 
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5 of 17 strains as described previously (Liu et al., 2007) . Whereas ROS was barely detectable in barley epidermal cells penetrated by the wild-type P131 and complemented strain cALG3, strong induction of ROS was observed in cells infected by the Dalg3 mutant ( Figures 5A and 5B). These results suggest that the Dalg3 mutant is unable to suppress or prevent ROS production in plant cells during infection.
To determine whether this characteristic is associated with an impairment in tissue colonization by the Dalg3 mutant, we tested the effect of pretreatment with diphenyleneiodonium (DPI) on plant infection. DPI is a flavoenzyme inhibitor that prevents the activation of NADPH oxidases necessary for ROS generation in plants (Cross and Jones, 1986) . In barley epidermal cells pretreated with DPI, the Dalg3 mutant produced extensive bulbous IH as efficiently as the wild-type and complemented strains at 30 hpi ( Figure 5C ). Approximately 72.5% of appressoria of the mutant formed IH with more than two branches in the DPItreated host cells, which was comparable to the invasive growth of the wild-type P131 (78.8%) and the complemented strain cALG3 (76.4%) ( Figures 5C and 5D ). In samples treated with DMSO as the negative control, only 2.1% of the Dalg3 appressoria formed IH with more than two branches, and ;75.8% of them were arrested at the primary IH stage ( Figures 5C and 5D ), indicating that suppression of ROS production in host cells rescued the defect of the Dalg3 mutant in invasive growth. The Dalg3 mutant, therefore, was able to recover its ability to proliferate in host cells following the suppression of ROS production, suggesting that reduced virulence of the Dalg3 mutant is due to its inability to suppress plant immunity responses.
Alg3 Is Required for N-Glycosylation of the Effector Proteins Slp1 and Bas4
We reasoned that Alg3 might be involved in the N-glycosylation of secreted effector proteins produced by M. oryzae to suppress host immunity. This hypothesis was tested with Slp1, (A) Complementation of the S. cerevisiae alg3 stt3 mutant by ALG3. Cells of YG176 (stt3) and transformants of YG170 (alg3 stt3) carrying pYES2 or pYES2-ALG3 were spotted in 10-fold dilutions on SC-Gal plates and incubated at 30°C for 2 d. (B) Lipid-linked or secreted protein-linked oligosaccharide structures of the wild-type and alg3 strains of S. cerevisiae. The digestion sites of Endo H and PNGase F are labeled with arrows. The functional site of Alg3 is indicated by the star. (C) Assays for CPY glycosylation by immunoblot analysis. Total proteins isolated from the transformants P131/CPY-FLAG and alg3/CPY-FLAG were treated with or without Endo H or PNGase F. The fully glycosylated form (mCPY) and underglycosylated forms of CPY were detected with an anti-FLAG antibody.
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The Plant Cell a secreted LysM domain protein that acts as an apoplastic effector to evade chitin-induced plant immune responses to M. oryzae (Mentlak et al., 2012) . Using NetNGlyc 1.0 (http:// www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite. html), Slp1 is predicted to be a glycoprotein with four putative N-glycosylation sites that are located at Asn-48 (NDTL), Asn-94 (NISC), Asn-104 (NNTC), and Asn-131 (NLSV) ( Figure 6A ). To verify the N-glycosylation of Slp1, a SLP1-3xFLAG fusion construct was generated and transformed independently into the Dalg3 mutant and the wild-type strain P131 to generate the (A) DAB staining of penetrated plant cells. Barley leaves inoculated with conidium suspensions (1 3 10 5 spores/mL) of the wild-type P131, CHS6 deletion mutant CHS6KO1, ALG3 deletion mutant ALG3KO1, and complementation strain cALG3 were stained with DAB at 30 hpi. CHS6KO1 was used as a positive control strain . Stars and arrows indicate appressoria and IH, respectively. BH, branched IH; PH, primary IH. Bar = 20 mm.
(B) Percentages of the DAB-stained cells. Means and SE were calculated from three independent replicates. Significant differences are indicated by stars (P = 0.01; n > 100).
(C) Invasive growth of IH restored by DPI treatment. Barley leaves were treated with or without DPI (0.5 mM) dissolved in DMSO. Invasive growth was observed at 30 hpi. AP, appressoria. Bar = 20 mm.
(D) Percentages of appressoria with distinct types of IH, primary IH, IH with one or two branches, and IH with more than two branches, formed at 30 hpi by P131, ALG3KO1, and cALG3 in barley leaves treated with or without DPI. DMSO treatment was used as a control. Means and SE were calculated from three independent replicates.
N-Glycosylation of Effector Proteins 7 of 17 transformants alg3/SLP1-FLAG and WT/SLP1-FLAG, respectively. Total proteins isolated from these transformants were subjected to immunoblot analysis with an anti-FLAG antibody. As shown in Figures 6B to 6D , three forms of Slp1 were detected in the WT/SLP1-FLAG transformants, which were named Slp1-1, Slp1-2, and Slp1-3. By contrast, only two forms of Slp1 were detected in the alg3/SLP1-FLAG transformants, and notably, the Slp1-1 form was absent in the Dalg3 mutant ( Figures 6B and 6C ). Significant reduction in protein levels was also observed for either Slp1-2 or Slp1-3 in the Dalg3 mutant in comparison with the wildtype strain ( Figures 6B and 6C ). Both Slp1-1 and Slp1-2 from transformant WT/SLP1-FLAG were successfully cleaved by both PNGase F and Endo H, whereas Slp1-2 from the transformant alg3/SLP1-FLAG could only be cleaved by PNGase F and not by Endo H ( Figure 6B ). These results are consistent with M. oryzae having two N-glycosylated forms of Slp1 and strongly suggest that the N-glycosylation of Slp1 requires Alg3. It also suggests that the nonglycosylated form of Slp1 may be unstable. Based on these results, we conclude that the secreted effector protein Slp1 is N-glycosylated and ALG3 is required for the full N-glycosylation of Slp1.
To further characterize the N-glycosylation sites of Slp1, point mutations were introduced into the four predicted N-glycosylation sites in the SLP1-3xFLAG construct. The resulting SLP1 N48G , SLP1 N94G , SLP1 N104G , and SLP1 N131G mutant alleles were transformed into the wild-type strain P131. Transformants expressing these constructs were identified and named WT/M48, WT/M94, WT/M104, and WT/M131, respectively. Immunoblot analysis was performed to detect changes of Slp1 glycosylation in these transformants. Interestingly, transformants WT/M48, WT/M104, and WT/M131 lacked the Slp1-1 band, compared with the WT/M94 and WT/SLP1-FLAG strains ( Figures 6C and  6D ). These results suggest that Slp1-1 is simultaneously Nglycosylated at Asn-48, Asn-104, and Asn-131. In the transformant WT/M94, protein levels of the three Slp1 forms, including Slp1-1, were comparable to those isolated from the wild-type strain, suggesting that Asn-94 of Slp1 is not an Alg3-mediated N-glycosylation site. However, in transformants WT/M48, WT/M104, and WT/M131, particularly in WT/M48, the protein levels of Slp1 were significantly reduced, further confirming that full N-glycosylation of Slp1 is required for its stability. Moreover, the larger form of Slp1 in the transformants WT/M48, WT/M104, and WT/M131 could be cleaved by Endo H (Figure 6D ), indicating that they were proteins with two sites fully N-glycosylated. Taken together, these results revealed that Slp1 has three Alg3-mediated N-glycosylation sites (Asn-48, Asn-104, and Asn-131) and Slp1-1 is a glycoprotein that has the three sites simultaneously N-glycosylated.
To determine whether Alg3 mediates the N-glycosylation of other effector proteins, we analyzed the N-glycosylation status of Bas4 in the Dalg3 mutant in comparison with the wild-type strain P131. Bas4 is an effector protein reported to locate between the extra invasive hyphal membrane and the IH cell wall (Mosquera et al., 2009 ). The protein was predicted to have one putative N-glycosylation site at Asn-36. A BAS4-3xFLAG fusion construct was generated and transformed independently into the Dalg3 mutant and the wild-type strain P131 to generate the transformants alg3/BAS4-FLAG and WT/BAS4-FLAG, (A) The Slp1 effector has two LysM domains (dark boxes) and four predicted N-glycosylation sites. (B) Assays for N-glycosylation of Slp1 in the wild type and the ALG3 deletion mutant. Total proteins isolated from the transformants WT/ SLP1-FLAG and alg3/SLP1-FLAG were treated with or without PNGase F or Endo H and detected with an anti-FLAG antibody by immunoblot analysis. (C) Assays for the effects of point mutations at individual N-glycosylation sites of Slp1. Immunoblots of total proteins isolated from labeled strains were detected with an anti-FLAG antibody. Transformants WT/M48, WT/ M94, WT/M104, and WT/M131 contain SLP1-3xFLAG fusion constructs carrying N48G, N94G, N104G, and N131G mutations, respectively. WT/ SLP1-FLAG and alg3/SLP1-FLAG were used as controls. (D) Assays for N-glycosylation in WT/M48, WT/M94, WT/M104, and WT/ M131 strains. Total proteins were digested by Endo H, and immunoblot analysis was performed as in (C). Three Slp1 forms (Slp1-1, Slp1-2, and Slp1-3) were detected and are marked on the left. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) levels were used as a loading control.
The Plant Cell respectively. As shown in Supplemental Figure 3 , two forms of Bas4-3xFLAG protein were detected in the WT/BAS4-FLAG transformants. The larger Bas4 protein could be digested by both PNGase F and Endo H, indicating that it is an N-glycosylated protein.
In contrast, only one form of Bas4 was detected in the alg3/BAS4-FLAG transformants, which could not be digested by either PNGase F or Endo H. These results indicate that Alg3 is also required for the N-glycosylation of other effector proteins, such as Bas4.
N-Glycosylation of Slp1 Is Required to Suppress Host Plant Innate Immunity
We speculated that an underglycosylated Slp1 effector may be affected in its ability to suppress chitin-triggered immunity in host plants. To test this hypothesis, we transformed the Dslp1 mutant with the SLP1 N48G , SLP1 N94G , SLP1 N104G , and SLP1 N131G alleles and compared the virulence of the corresponding transformants (named M48, M94, M104, and M131, respectively) with that of the wild-type strain and the Dslp1 mutant. As shown in Figures 7A to 7C, the M94 strain formed similar numbers of disease lesions to the wild-type strain P131. By contrast, the number and size of lesions produced by transformants M48, M104, and M131 were significantly fewer and smaller than those by the wild-type strain (t test, P < 0.01). The Slp1 N48G , Slp1 N104G , and Slp1 N131G forms of the Slp1 effector, therefore, were unable to rescue the virulence defect of the Dslp1 mutant. We also generated an SLP1 allele in which the N48G, N104G, and N131G sites were simultaneously mutated and expressed this in the Dslp1 mutant. The resulting transformant M48/104/131 showed similarly reduced virulence to the Dslp1 mutant. Thus, N-glycosylation at Asn-48, Asn-104, and Asn-131 is required for the effector function of Slp1 in the rice blast fungus. Consistent with this, it was found that transformants M48, M104, M131, and M48/104/131 induced ROS accumulation in plant cells at infection sites, while the wild-type strain P131 and complemented strains cSLP1 and M94 suppressed ROS production ( Figure 7 ).
N-Glycosylation Does Not Affect Cellular Localization but Regulates the Chitin Binding Activity of the Slp1 Effector
To understand how N-glycosylation is involved in regulating the function of Slp1, we investigated whether underglycosylated Slp1 has the same subcellular localization as glycosylated Slp1. The coding regions of the normal and the underglycosylated alleles of SLP1 were independently fused with the RFP gene, and the two constructs were transformed into the Dslp1 mutant. The wild-type SLP1 construct without mutation was also introduced into the Dalg3 mutant. Subsequently, the resulting three types of transformants were inoculated onto the barley leaves and compared microscopically at 28 hpi. In the three types of transformants, Slp1-RFP located at the plant-fungus interface as reported previously (Mentlak et al., 2012) , and no change in the subcellular localization was observed between the underglycosylated and glycosylated Slp1-RFP proteins ( Figure 8A ). We also observed subcellular localization of three Slp1-RFPs, each of which had a single mutation of the three N-glycosylation sites. Again, they showed similar localization to the wild-type Slp1 effector (Supplemental Figure 4) . These results indicate that N-glycosylation is not required for the subcellular localization of Slp1. We then investigated whether the chitin binding activity of Slp1 was affected by N-glycosylation. The wild-type SLP1 allele and the SLP1 N48G N104G N131G glycosylation-deficient allele were fused with the 6xHis tag and expressed in yeast. The Slp1:6xHis fusion protein (called ySlp1) was N-glycosylated but the Slp1 N48G N104G N131G :63His fusion protein (called ySlp1M48/ 104/131) was not, following expression in yeast. The Slp1:6xHis fusion protein was also expressed in Escherichia coli (called bSlp1), which lacks the N-glycosylation system. When ySlp1, ySlp1M48/104/131, and bSlp1 were incubated with crab shell chitin beads, we observed that most N-glycosylated ySlp1 protein was coprecipitated with chitin beads, whereas only trace amounts of ySlp1M48/104/131 and bSlp1 were coprecipitated with chitin ( Figure 8B ), indicating that N-glycosylation is absolutely critical for the chitin binding activity of Slp1.
Finally, we tested whether exogenous ySlp1, ySlp1M48/104/ 131, and bSlp1 are able to rescue infection defects of the Dslp1 mutant. As shown in Figures 8C and 8D , addition of 1 mM ySlp1 was able to almost recover the growth of wild-type IH of the Dslp1 mutant in barley leaves. However, addition of 1 mM ySlp1M48/104/131 and bSlp1 was only able to partially restore the growth of IH of the Dslp1 mutant when compared with ySlp1. When considered together, these results indicate that N-glycosylation affects the biological function of Slp1 in driving the capacity of IH to proliferate in plant cells.
ALG3 Is Also Important for Maintaining Cell Wall Integrity
The outer layer of the fungal cell wall is important for protecting the inner chitins or glucans from recognition by host plants (Fujikawa et al., 2012) . Glycoproteins are known to be an important component of the fungal cell wall (Bowman and Free, 2006) . Therefore, we hypothesized that ALG3 may also mediate the N-glycosylation of glycoproteins in the cell wall and be involved in the cell wall integrity of the rice blast fungus. To test this hypothesis, we assayed the sensitivity of the Dalg3 mutant to 0.01 mg/mL Calcofluor white (CFW), 0.2 mg/mL Congo red (CR), and 0.005% SDS, which are cell wall-perturbing agents widely used to assay defects in fungal cell wall integrity (Elorza et al., 1983; Wood and Fulcher, 1983; Roncero and Durán, 1985) . When the wild-type strain P131 was cultured on CM plates with CFW, CR, or SDS, vegetative growth was reduced 37.9, 39.5, and 25.0%, respectively, in comparison with growth in CM. By contrast, the Dalg3 mutant was reduced 57.7, 52.5, and 34.5%, respectively, in CM cultures supplemented with CFW, CR, and SDS (Supplemental Figure 5) , showing increased sensitivity of the Dalg3 mutant to cell wall-perturbing reagents. These results suggest that cell wall integrity is affected in the Dalg3 mutant. The Dslp1 mutant grew in a similar way to the wild-type strain on CM with CFW, CR, or SDS (Supplemental Figure 6) , suggesting that the Slp1 effector, which is expressed only during infection (Mentlak et al., 2012) , does not play a significant role in cell wall integrity; thus, the defects in cell wall integrity of the Dalg3 mutant are unrelated to the under-N-glycosylation of Slp1.
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DISCUSSION
The N-glycosylation pathway of S. cerevisiae is widely conserved (Deshpande et al., 2008) , but the biological functions of N-glycosylation are not well characterized in filamentous fungi, particularly in fungal plant pathogens. In this study, the ALG3 gene was identified by insertional mutagenesis as an important virulence factor in M. oryzae. ALG3 encodes an ER protein orthologous to yeast Alg3. When expressed in S. cerevisiae, the M. oryzae ALG3 functionally complemented the temperature sensitivity of an alg3 stt3 double mutant (Aebi et al., 1996) . We demonstrated that ALG3 is required for full N-glycosylation of two effector proteins, Slp1 and Bas4, and the vacuolar protein CYP. Furthermore, we showed that oligosaccharides linked to Slp1 or CPY in the ALG3 deletion mutant could not be digested by the enzyme Endo H; thus, it can be postulated that they are Man 5 -oligosaccharides but not Man 9 -oligosaccharides in the wild type. Therefore, in the same way as its yeast ortholog, ALG3 encodes an a-1,3-mannosyltransferase that is involved in the biosynthesis of N-glycan for the N-glycosylation of proteins in M. oryzae.
In M. oryzae, we found that ALG3 was required for the suppression of ROS production in plant cells, and the disruption or deletion of ALG3 resulted in a severe defect in pathogenesis. Three earlier reports have shown that N-glycosylation plays an important role in the pathogenesis of plant pathogenic fungi. In U. maydis, the ER glucosidase I gene, Gls1, is required for the initial stages of infection following appressorium penetration (Fernández-Álvarez et al., 2013) and deletion of the ER glucosidase II gene, GAS1, resulted in arrested growth of IH in the epidermal cell layer of maize (Zea mays) (Schirawski et al., 2005) , and in M. graminicola, the a-1,2-mannosyltransferase Alg2 was shown to be important for switching from the yeast-like phase to the hyphal form (Motteram et al., 2011) . These studies suggested the importance of N-glycosylation of proteins in the pathogenesis of plant fungal pathogens but did not offer mechanistic insight into why N-glycosylation is important for pathogenesis in plant pathogens. In this study, we demonstrated that ALG3 mediates the N-glycosylation of Slp1, which is a virulence factor and effector protein playing an important role in suppressing chitin-triggered ROS production and other immune responses in rice cells (Mentlak et al., 2012) . Three (A) Barley leaves sprayed with the wild-type strain P131, SLP1 deletion mutant SLP1KO1, and complement strains cSLP1, M48/104/131, M48, M94, M104, and M131 were photographed at 5 d post inoculation. M48, M94, M104, and M131 contain the SLP1-3xFLAG fusion construct carrying the N48G, N94G, N104G, and N131G mutations, respectively. M48/104/131 contains the SLP1-3xFLAG fusion construct with the N48G, N104G, and N131G triple mutation. (B) Lesion numbers on barley leaves caused by the same set of strains described in (A). (C) Average lesion size of barley leaves inoculated with the same set of strains described in (A). Lesion size was measured as reported by Mentlak et al. (2012) . For (B) and (C), means and SE were calculated from three independent replicates. Significant differences are indicated by stars (P = 0.05). (D) DAB staining assays of penetrated plant cells. Barley leaves were sprayed with the same set of strains described in (A), and the epidermis was stained with DAB at 30 hpi and observed with a Nikon microscope. AP, appressoria. Bar = 20 mm. (E) Percentages of DAB-stained cells. Means and SE were calculated from three independent replicates. Significant differences are indicated by double stars (P = 0.01; n > 100).
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The Plant Cell N-glycosylation sites were identified in Slp1. Our data showed that simultaneous N-glycosylation of these three sites is required for the function of Slp1 in suppressing chitin-elicited ROS production in plant cells. Thus, we conclude that Alg3-mediated N-glycosylation of Slp1 is an important mechanism by which the rice blast fungus evades chitin-triggered host immunity. Slp1 was previously demonstrated to sequester chitin oligosaccharides to avoid their recognition by the rice pattern recognition receptor CEBiP (Mentlak et al., 2012) . The Dalg3 mutant lacks fully N-glycosylated Slp1 and accumulates a significantly reduced level of underglycosylated Slp1 ( Figure 6B ) during infection. However, the underglycosylated Slp1 had the same subcellular localization as the wild-type Slp1 (Figure 8 ; Supplemental Figure 4 ) and was able to partially rescue invasive growth of IH. These results indicate that nonglycosylated Slp1 in the Dalg3 mutant is unable to provide enough capacity for binding chitin oligosaccharides, which results in greater accumulation of free chitin oligosaccharides that can be recognized by CEBiP and, in turn, trigger plant innate immunity responses, including ROS generation. In other words, Alg3-mediated N-glycosylation of Slp1 is important as a means of maintaining a suitable level of the protein to evade plant innate immunity. In eukaryotic cells, (A) The N-glycosylated and underglycosylated Slp1 proteins were similarly located at the plant-fungus interface. slp1/Slp1RFP, the Dslp1 mutant transformed with the SLP1-RFP fusion construct; M48/104/131-RFP, the Dslp1 mutant transformed with the SLP1 N48G N104G N131G -RFP fusion construct; alg3/Slp1RFP, the Dalg3 mutant transformed with the SLP1-RFP fusion construct. Stars indicate appressoria, and arrows point to the plantfungus interface. Bars = 20 mm. (B) Affinity precipitation of ySlp1, ySlp1M48/104/131, and bSlp1 with chitin beads detected by immunoblot analysis with an anti-His antibody. Most ySlp1 coprecipitated with chitin beads, but only trace amounts of ySlp1M48/104/131 and bSlp1 coprecipitated with chitin beads. P, pellet; S, supernatant. (C) Effect of exogenous addition of ySlp1, ySlp1M48/104/131, and bSlp1 proteins on the infection hyphal growth of Dslp1. Purified ySlp1, ySlp1M48/ 104/131, and bSlp1 proteins were added to the inoculation sites at 16 hpi, and the growth of IH was photographed at 28 hpi. Appressoria are indicated by stars. Purified 6xHis peptide was used as a control. Bars = 20 mm. (D) Percentages of appressoria that formed primary IH, IH with one to three branches, and IH with more than three branches at 28 hpi in (C). Means and SE were calculated from three independent replicates, and double stars indicate statistically significant differences (P < 0.01). For (B) to (D), ySlp1 and bSlp1 were 6xHis-tagged Slp1 expressed in P. pastoris and E. coli, respectively. ySlp1M48/104/131 was 6xHis-tagged Slp1 N48G N104G N131G expressed in P. pastoris.
there is an ER quality control system to monitor the folding status of client proteins and eliminate misfolded proteins through the ER-associated degradation mechanism (Anelli and Sitia, 2008) . Studies in mammals and yeast have revealed that N-glycosylation plays important roles in ER quality control (Helenius and Aebi, 2004) . The underglycosylated Slp1, therefore, is possibly misfolded so that it is monitored and degraded by the ER quality control system, thus leading to lowered accumulation of aberrant protein in the Dalg3 mutant.
We also showed that the non-N-glycosylated Slp1 had dramatically lowered chitin binding activity when compared with the wild-type protein, indicating that N-glycosylation is necessary for the chitin binding activity of Slp1 ( Figure 8B ). Interestingly, among the three N-glycosylation sites identified in this study, two of them, Asn-48 and Asn-131, lie within the two LysM motifs of Slp1 ( Figure 6A) . A recent study revealed that intermolecular dimerization of Arabidopsis thaliana CERK1, the chitin elicitor receptor kinase with three LysM motifs, is crucial for binding chitin oligosaccharides and its signaling function . Ecp6, the ortholog of Slp1 in the fungal pathogen Cladosporium fulvum (de Jonge et al., 2010) , also has three LysM motifs that form intrachain LysM dimers to provide a groove for chitin binding (Sánchez-Vallet et al., 2013) . To further determine how N-glycosylation affects the chitin binding activity of Slp1, it will be important to compare differences in the crystal structure of Slp1 between N-glycosylated and nonglycosylated Slp1. Such a comparison will reveal whether Slp1 undergoes intramolecular or intermolecular dimerization and whether N-glycosylation affects the dimerization and its effect on chitin binding activity. Preliminary analysis suggests that Slp1 undergoes dimerization (Mentlak et al., 2012) . Of the three N-glycosylation sites identified in Slp1 in this study, the N-glycosylation site Asn-131 is widely conserved in Slp1 orthologous proteins of filamentous fungi (Supplemental Figure 7) , suggesting a critical role for this N-glycosylation site in LysM protein function.
Our study also showed that the Dalg3 mutant was inhibited during development of the invasive hyphae and allowed the induction of ROS in penetrated barley leaf cells. When plant cells were pretreated with DPI, an inhibitor of NADPH oxidase, to suppress ROS generation, the Dalg3 mutant could proliferate in host cells almost as efficiently as the wild-type strain. The impairment in the growth of invasive hyphae, therefore, can be attributed to ROS accumulation within plant cells due to the absence of Alg3. In addition to the Dslp1 and Dalg3 mutants, several other M. oryzae mutants have been reported to induce ROS accumulation in penetrated plant cells, including mutants disrupted in DES1 (Chi et al., 2009) , ATF1 (Guo et al., 2010) , AP1 (Guo et al., 2011) , HYR1 (Huang et al., 2011) , CHS6 , and CRC1 genes. DES1, AP1, ATF1, and HYR may be involved in ROS detoxification, because expression levels of ROS-detoxifying genes were significantly reduced in these mutants (Chi et al., 2009; Guo et al., 2010 Guo et al., , 2011 Huang et al., 2011; Adam et al., 2012) . ALG3, however, is involved in preventing host plants from producing ROS. Deletion of ALG3 may also result in enhanced adaptability to oxidative conditions and increased laccase activity; the expression levels of genes encoding putative laccases, peroxidases, and some ROS detoxification-related genes were comparable or even higher than those in the wild-type strain under 5 mM H 2 O 2 (Supplemental Figure 8) . It is likely, therefore, that the rice blast fungus has two distinct systems to prevent ROS accumulation in plant cells, one for scavenging ROS and the other for avoiding ROS induction by the action of secreted effector proteins such as Slp1.
In addition to N-glycosylation of the Slp1 effector, the Alg3 a-1,3-mannosyltransferase may be involved in the glycosylation of enzymes involved in cell wall synthesis or other cell wall components. For example, M. oryzae CHS6 encodes a chitin synthase with 10 predicted N-glycosylation sites that is essential for pathogenicity . It is tempting to speculate that ALG3 may also mediate the N-glycosylation of Chs6 and, therefore, that Chs6 may not be properly glycosylated and folded in the absence of Alg3. The rice blast fungus likely has a sophisticated system for synthesizing and protecting chitin in its cell wall to avoid PAMP-triggered immunity in rice plants. It is possible that some cell wall proteins glycosylated by ALG3 also are involved in protecting or masking cell wall components being recognized by the host, such that ALG3 is likely to play a wider role in functions associated with evading chitin-triggered immunity, in addition to its role in regulating Slp1 activity.
The fungal cell wall consists of multiple polysaccharides and cross-linked glycoproteins; therefore, dysfunction of the major cell wall components may disrupt cell wall integrity (Bowman and Free, 2006) . Cell integrity defects observed in Dalg3 mutants are likely to be due to under-N-glycosylation of glycoproteins other than Slp1, because deletion of Slp1 did not result in any such defects in colony growth and cell wall integrity. ALG3, therefore, may mediate the N-glycosylation of multiple glycoproteins in addition to Slp1. Further investigation is required to identify cell wall glycoproteins glycosylated by ALG3 that are important for cell wall integrity.
In addition to Slp1, more than a dozen effector proteins have been identified in M. oryzae, such as Pwl2 (for pathogenicity toward weeping lovegrass protein2) (Sweigard et al., 1995) , AVR-Pita1 (Jia et al., 2000) , AVR-Pia (Miki et al., 2009; Yoshida et al., 2009) , AVR-Pik/km/kp, AVR-Pii (Yoshida et al., 2009) , AVR-CO39 (Farman et al., 2002) , Bas1 to Bas4 (Mosquera et al., 2009) , and AvrPiz-t (Li et al., 2009) . N-Glycosylation sites are predicted in some of these effector proteins, including Bas2, Bas4, and AvrPiz-t, suggesting that Alg3 may mediate the N-glycosylation of several effector proteins in M. oryzae during plant infection. In this study, we showed that Alg3 mediates the N-glycosylation of Bas4, for example (Supplemental Figure 6 ). Putative N-glycosylation sites also exist in various effector proteins that have been identified in other plant pathogenic fungi, including Pep1 (Doehlemann et al., 2009; Hemetsberger et al., 2012) and Pit1 (Doehlemann et al., 2011) in U. maydis and Ecp6 in C. fulvum (de Jonge et al., 2010) . As components of the yeast N-glycosylation pathway are conserved in filamentous fungi (Deshpande et al., 2008) , the N-glycosylation of effector proteins may be widely deployed by plant fungal pathogens as a common mechanism to regulate their function in evading host innate immunity. Therefore, it will be important in the future to use Alg3 as a means of identifying further effectors that are glycosylated in order to help determine their precise effector functions.
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METHODS
Strains and Culture Conditions
Two wild-type strains of Magnaporthe oryzae were used in this study. One was the field isolate P131 (Peng and Shishiyama, 1988; Xue et al., 2012) , which was used to generate all mutant strains. The other was S1528, which was used to perform genetic crosses with P131. The wild-type strains and corresponding transformants generated in this study were maintained on OTA plates at 28°C. For extraction of genomic DNA, RNA, and protein and isolation of protoplasts, mycelium was collected from liquid CM cultured at 180 rpm for 36 h. For measuring colony sizes, mycelial blocks (F = 5 mm) were inoculated into the center of OTA plates and cultured for 120 h. Conidiation was performed as described previously (Peng and Shishiyama, 1988) . Conidia harvested from 10-d-old OTA cultures were used for the virulence test, infection process observation, and cell wall integrity assay. For the cell wall integrity test, the mycelial plugs of diverse strains were cultured on CM agar added in advance with different agents, 0.01 mg/mL CFW (Sigma-Aldrich), 0.2 mg/ mL CR (Sigma-Aldrich), and 0.005% SDS, and the colony sizes were measured at 5 d after inoculation.
Molecular Manipulations with Nucleic Acids
GenomicDNAwasextractedfrommyceliausingthecetyltrimethylammonium bromide protocol as described by Xu and Hamer (1996) . Total RNA was extracted with the Trizol kit (Invitrogen). Standard molecular manipulation procedures were followed for plasmid isolation, DNA gel blot analysis, and enzymatic digestion with DNA (Sambrook and Russell, 2001) .Probes used for DNAgelblotswerelabeledwith theRandomPrimerDNALabelingKit(Takara).
Plasmid rescue was performed as described previously (Sweigard et al., 1998) .
Gene Disruption and Complementation of ALG3
For constructing the ALG3 gene replacement construct, 1.5-kb upstream and downstream flanking sequence segments were amplified from genomic DNA of P131, with primer pairs 08010LF/08010LR and 08010RF/ 08010RR, respectively. The two flanking sequences were cloned into pKNH (Yang et al., 2010) as the deletion vector pKNH-ALG3, which was linearized by NotI digestion and transformed into protoplasts of P131. Protoplasts were isolated and transformed with the polyethylene glycol/ CaCl 2 approach as described (Yang et al., 2010) . For selecting hygromycin-resistant or neomycin-resistant transformants, CM plates were supplemented with 250 mg/mL hygromycin B (Roche) or 400 mg/mL neomycin (Ameresco). For complementation assays, the ALG3 gene containing a 1.5-kb native promoter fragment and a 0.5-kb terminator region was amplified with primers ALG3CF/ALG3CR and cloned into pKN (Yang et al., 2010) . The resulting construct pKN-ALG3 was digested with NotI and transformed into the Dalg3 mutant. Neomycin-resistant transformants were obtained and verified by PCR.
Generation of Different SLP1 Mutant Alleles
To complement the Dslp1 mutant with the mutated SLP1 alleles, the vector pKNFLAG-SLP1 was mutated at different N-glycosylation sites by the PCR-mediated approach (Horton, 1995) . Total genomic DNA was extracted and amplicons of SLP1 were ligated into vector pKNFLAG, which contains the constitutive promoter in the 59 terminus and the 3xFLAG sequence in the 39 terminus, by the primer pair SLP1-F/SLP1-R. This vector, pKNFLAG-SLP1, was used to mutate putative N-glycosylation sites. Four pairs of primers, SLP1M1-F/SLP1M1-R, SLP1M2-F/ SLP1M2-R, SLP1M3-F/SLP1M3-R, and SLP1M4-F/SLP1M4-R, were used to perform the ligation PCR to generate the mutation for Asn to Gly at Asn-48, Asn-94, Asn-104, and Asn-131, respectively. Subsequently, vectors pKNFLAG-M48, pKNFLAG-M94, pKNFLAG-M104, and pKNFLAG-M131 were obtained and used to transform the wild-type strain P131 to obtain strains WT/M48, WT/M94, WT/M104, and WT/M131 or to transform the Dslp1 mutant to obtain strains M48, M94, M104, and M131. A similar approach was used to obtain vector pKNFLAG-M48/104/131, expressing the Slp1-3xFLAG fusion protein with simultaneous mutations N48G, N104G, and N131G, which was also used to transform the Dslp1 mutant to obtain strain M48/104/131.
Subcellular Localization Analysis
For colocalization analysis of Alg3 and ER, the ALG3-eGFP and RFP-HDEL fusion constructs were generated by overlapping PCR and separately cloned into pKN. The resulting constructs, pKN-ALG3GFP and pKN-RFPHDEL, were digested with NotI and cotransformed into the Dalg3 mutant. Colocalization of Alg3-GFP and RFP-HDEL fusion proteins were analyzed with a Nikon A1 laser scanning confocal microscope.
To analyze the subcellular localization pattern of Slp1, coding regions of wild-type SLP1 and SLP1 N48G N104G N131G were separately fused with RFP and cloned into pKNRP27. The resulting constructs, pKNSLP1RFP and pKNSLP1M48/104/131RFP, were digested with NotI and transformed into the wild-type strain. Similar approaches were performed to obtain the SLP1 N48G :RFP, SLP1 N104G :RFP, and SLP1 N131G :RFP fusion constructs. The vector pKNSLP1RFP was also transformed into the Dalg3 mutant. Subsequent transformants were observed with an epifluorescence microscope (Nikon).
Virulence Test and Infection Process Observation
To investigate the infection process, a conidial suspension with a concentration of 5 3 10 5 conidia/mL in 0.025% Tween 20 was spotted onto the lower epidermis of barley (Hordeum vulgare) leaves and then incubated in a moist, dark chamber at 28°C. After inoculation, microscopy observations were performed at 2, 12, 18, 24, 30, and 36 hpi. Rice (Oryza sativa cv LTH) seedlings at the fifth leaf stage and 8-d-old barley seedlings (cv E9) were sprayed with conidia suspension of 10 5 conidia/mL and incubated as described previously (Yang et al., 2010) . Lesion formation was examined at 5 d after inoculation. To test the effect of exogenous Slp1 proteins on infection of the Dslp1 and Dalg3 mutants, 1 mM purified ySlp1 (Slp1:6xHis tag fusion protein expressed and purified from yeast [Pichia pastoris]), ySlp1M48/104/131 (Slp1 N48G N104G N131G :6xHis tag fusion protein expressed and purified from yeast), or bSlp1 (Slp1:6xHis tag fusion protein expressed and purified from Escherichia coli) was separately added onto the Dslp1 mutant inoculation site at 16 hpi, and subsequent microscopy observations were performed at 28 hpi.
Host-derived ROS was observed by staining with DAB (Sigma-Aldrich) as described . Barley leaves inoculated with the mutant and wild-type strains for 30 hpi were incubated in 1 mg/mL DAB solution, pH 3.8, at room temperature for 8 h and destained with clearing solution (ethanol:acetic acid = 94:4, v/v) for 1 h.
For evaluating the growth of IH in ROS-suppressed barley cells, a conidial suspension supplemented with 0.5 mM DPI was dropped on barley leaves (Chi et al., 2009) . At 30 hpi, the growth of IH was evaluated by microscopy. Routinely, the infection process was observed by differential interference contrast microscopy imaging using a Nikon Ni90 epifluorescence microscope.
N-Glycosylation Analysis
To generate the CPY-3xFLAG and SLP1-3xFLAG constructs, cDNAs of CPY and SLP1 were amplified with primer pairs CPY-F/CPY-R and SLP1-F/SLP1-R, respectively, and cloned into pKNFLAG. In the resulting vectors, pKNFLAG-CPY and pKNFLAG-SLP1, the 3xFLAG fusion constructs were expressed under the control of the RP27 promoter (Bourett et al., 2002) . These vectors were transformed to protoplasts of P131 and the Dalg3 mutant to obtain the FLAG-tagged strains.
For the extraction of total protein, a 0.2-g aliquot of mycelium collected from 2-d cultures in liquid CM was ground into powder in liquid nitrogen and then buffered with 50 mM HEPES buffer, pH 7.4, and agitated three times before being centrifuged at 13,500 rpm for 30 min at 4°C. The supernatant was quantified using the Bradford assay (Bio-Rad), and ;20 mg of total proteins was immediately mixed with SDS-PAGE loading buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 0.1% bromophenol blue, 10% glycerol, and 1% b-mercaptoethanol), denatured at 95°C for 5 min, and subjected to 12% SDS-PAGE. The gel blotting was performed using polyvinylidene difluoride membranes blocked with 5% (w/v) nonfat dry milk in Tris-buffered saline (20 mM Tris-HCl, pH 7.6, and 137 mM NaCl) with 0.05% Tween 20. The membranes were probed with an anti-FLAG antibody (1:2,000; Abmart). Detection of bound primary antibodies was performed with Lumi-Light and Lumi-Imager (Roche Diagnostics) after incubation with goat anti-rabbit antibodies (1:10,000; Abmart). PNGase F and Endo H from New England Biolabs were used for glycosylation analysis of CPY, Slp1, and Bas4 following instructions from the manufacturer. For glycosylation analysis, total protein extracted with HEPES buffer was digested with PNGase F or Endo H for 1 h before being mixed with the loading buffer.
Yeast Complementation
The ALG3 cDNA was amplified using primers ALG3F and ALG3R and cloned between the HindIII and SphI sites of pYES2. The resulting pYES2-ALG3 vector was confirmed by DNA sequence analysis and introduced into the yeast alg3 stt3 mutant YG170. The transformants were selected on SC medium containing 2% Glc at 25°C. A series of 1:10 dilutions of transformants suspended in distilled water were spotted onto SC medium containing 2% Gal and incubated at 30°C for 2 d.
Purification of Recombinant Slp1 Protein
To obtain eukaryotic cell-expressed Slp1 recombinant protein, SLP1 cDNAs with or without the three N-glycosylation sites mutated were amplified using the primers SLP1-EcoRI and SLP1-KpnI and cloned into the vector pPICZB (Invitrogen). The resulting constructs, pPICZB-SLP1 and pPICZB-SLP1M, were transformed into competent cells of P. pastoris X33 to express 6xHis-tagged Slp1 and 6xHis-tagged Slp1 N48G N104G N131G .
To obtain prokaryotic cell-expressed Slp1 recombinant protein, SLP1 cDNA was amplified using the primers SLP1-NcoI and SLP1-XhoI and cloned into the vector pETM20 (Novagen). The resulting construct, pETM20-SLP1, was transformed into competent cells of E. coli strain BL21 to express the 6xHis-tagged Slp1 without N-glycosylation. All proteins were subsequently purified with nickel-chelating Sepharose Fast Flow (GE Healthcare Biosciences) according to the manufacturer's instructions.
Chitin Binding Assay
The chitin binding activity of glycosylated and nonglycosylated Slp1 was assayed as described previously (de Jonge et al., 2010) . Each purified protein was incubated with crab shell chitin beads (Sigma-Aldrich). For each treatment, 1 mL of a mixture containing 50 mg/mL protein and 5 mg of chitin beads was incubated at 4°C on a rocking platform for 16 h. The mixtures were then centrifuged for 5 min at 13,000g. The supernatant was collected and concentrated to dryness. The pellet fractions were rinsed three times with distilled sterile water. Both the pellet and supernatant fractions were boiled in 200 mL of SDS solution (1%) for 10 min, and then 20 mL of the solutions was used to perform SDS-PAGE and immunoblot analysis with anti-His antibody (Abmart).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: M. oryzae ALG3 (KC236413), S. cerevisiae ALG3 (AAA75352), Arabidopsis ALG3 (AAL16193), Homo sapiens ALG3 (AAH04313), M. oryzae SLP1 (EHA51101), M. oryzae CPY (EHA57949), and M. oryzae CHS6 (JF912409).
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